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Abstract 
Greenhouse gas (GHG) concerns and tightening energy supply put pressure on both policy makers and 
technology developers to find optimum solution s. Furthermore, as conventional energy supply becomes scarce 
disadvantaged resources will share an increasing piece of the global energy portfolio. The conversion of these heavy 
resources will require a substantial increase in the production of hydrogen while complying with anticipated 
greenhouse gas regulations.  
 
This study investigated three alternative process configurations for the production of hydrogen and 
simultaneous capture of carbon dioxide (CO2) for geologic sequestration  (CCS)  using currently available 
technology. The economic benefit of these alternatives was compared to post -combustion CO2 capture from a 
modern hydrogen plant design.  
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1. Introduction 
Over the next 20 years  unconventional liquids (extra heavy oil, Gas-to -liquids, Coal-to -liquids, Biomass -to -
liquids) will play an increasingly important role in satisfying the global energy equation.  The proliferation of these 
fuels along with tightening environmental standards will require a marked increase in hydrogen demand throughout  
worldwide refining.   
 
In the past, refinery hydrogen was primarily produced as a byproduct of catalytic reforming. As reformed product 
requiremen ts changed and need for hydroprocessing increased, the additional hydrogen demand was satisfied by 
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high pressure steam reforming of natural gas, which became widespread in the early 1960s [1].  In this process 
natural gas is first reacted with steam across a reforming catalyst in a highly endothermic reaction. The product of 
this reaction, synthesis gas or “syngas” is primarily a mixture of carbon monoxide and hydrogen. Additional 
hydrogen is then produced by a water gas shift reaction  where the carbon monoxide is combined with steam and 
exothermically converted into carbon dioxide and hydrogen. The hydrogen is then separated from the carbon 
dioxide and exported to the hydroprocessing facility. The reforming and water gas shift reactions are shown in 
equations 1 and 2.  
 
 
 
 
 
 
 
 
In the early hydrogen plant designs based on steam reforming of natural gas , hydrogen purification was 
accomplished by wet scrubbing using an amine absorption and regeneration cycle. This process, while energy and 
capital intensive, generates a hydrogen stream of 95 to 97%  purity  as well as a concentrated CO2 stream  of about 
99% purity . This CO2 stream is an ideal candidate for geologic sequestration requiring only dehydration and 
compression. It  is produced as a byproduct of the reform ing and shift reactions and represents 50  to 60% of the total 
CO2 produced from the hydrogen plant .  T he remainder of the CO 2 is emitted as combustion flue gas from the 
reformer furnace.  
 
In the mid -1980s pressure-swing adsorption (PSA) began to replace wet scrubbing as the standard method of 
hydrogen purification[1] for two r easons: 1) PSA units are capable of producing 99.9+% purity hydrogen  2) the 
overall energy efficiency of the hydrogen plant is increased compared to hydrogen plants with wet scrubb ing. Th ese 
improvements have made PSA-based hydrogen plants the favored design for new refinery hydrogen production. A 
PSA-based hydrogen plant is shown in Figure 2.  
 
The transition to PSA -based hydrogen plants has eliminated the near-sequestration ready C O2 stream available in 
a hydrogen plant based on a wet scrubbing system.  Furthermore, in a PSA -based hydrogen plant, all of the CO 2 is 
emitted as flue gas at atmospheric pressure and in a lower concentration. In this case, costly processing equipment 
must be retrofitted to capture CO 2 for geologic sequestration (CCS).   
 
With active discussions of greenhouse gas (GHG) regulations in many regions, balancing hydrogen plant 
performance with CO2 capture cost may be desirable if CCS is considered as part of a GHG reduction strategy.   
While, hydrogen production using PSA is more economical in today’s environment, it is possible that a different 
hydrogen production technology  may be preferred in a carbon constrained world.  It was the goal of this study to find 
1. 224 3HCOOHCH +↔+  
2. 222 HCOOHCO +↔+  
Figure 1: Early hydrogen plant with wet scrubbing. 
4096 I. Lindsay et al. / Energy Procedia 1 (2009) 4095–4102
 Ian Lindsay / Energy  Procedia  00 (2008 ) 000 –000   
the most economically attractive process design to produce hydrogen while capturing CO2 using currently available 
technology.  
2. Design Philosophy  
2.1.  Design basis 
To compare the different technologies on the same basis, each plant was designed to export a hydrogen  product 
stream containing 8330 kgmols/hr of hydrogen.  This rate was chosen based on typical refinery hydroprocessing 
demand.  It was important to keep a constant molar hydrogen rate as hydrogen purity was dependent upon the 
purification technology selected. While the benefits of higher purity hydrogen should not be ignored, a detailed 
analysis of the subject was beyond the scope of this study. Hydrocracking experts have indicated that purity of 95% 
or more is acceptable; therefore, the minimum hydrogen pu rity was set at 95% and no quantitative or qualitative 
penalty was assessed to process configurations based on hydrogen purity.  
 
Natural gas was chosen as the preferred hydrocarbon feedstock for all cases of this study and was nominally  
priced at $6.00 per MMBTU (HHV). While it is recognized that the availability and price of natural gas varies by 
geographical area and that heavier hydrocarbons (bitumen, coal, etc.) may become more prominent in future 
hydrogen production (via gasification), this was seen as outside the scope of this study.  
 
The hydrogen plant costs reported include CO2 capture, dehydration and compression for export  and are based on 
U.S Gulf Coast location in 4 th Quarter 2007. Captured CO2 was prepared for export by meeting a minimum purit y of 
95%, at 105 bar(a) and 50°C. T ransportation, sequestration, monitoring and verification of  CO2 were outside the 
scope of this study, and their costs would be additive and highly site -specific. In this study avoided cost was the key 
measure of cost -effectiveness. It is defined as the equivalent annual cost of reducing one metric tonne of CO2 as  
compared to the Reference hydrogen plant without CO 2 capture. The Reference case is described in section 3.1.   
2.2.  CO2 capture target  
A preferred CO 2  avoided target was set at 70% with a single point of capture.  This is based on our previous 
knowledge of the capability of the Base case technology as described in section 3.2.   When exploring technology 
alternatives, several options were open to  multiple capture poi nts. As a sensitivity, one of these options was explored 
further to assess the cost -benefit of multiple capture points.   
2.3.  Technology selection  
At present there are countless projects being funded by industry and government to research and develop novel or 
modified materials, solvents and processes with the goal of dramatically reducing the cost of CO 2 capture. While 
many promising technologies are being investigated , it was decided to limit the scope of this study to the evaluation 
of currently available te chnologies, avoiding speculation of the success and timing of these next generation CO 2 
capture technologies.  
2.4.  Steam and methane credits 
In design cases where the hydrogen export was of about 95% purity, the remainder of this stream was largely 
methane. This study elected to credit the plant operating cost for the methane in this stream with respect to the 
Reference case; it was assumed  that the methane would eventually find itself in the facility’s fuel gas system, 
displacing  purchased pipeline natural gas . While there are secondary and tertiary effects that should  be considered 
from low purity hydrogen (e.g. increased hydrocracker pressure, catalyst life), this level of detail was beyond the 
scope of this study.  
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A second complicating  factor was export of steam. In the Reference case, produced high pressure ( HP) steam was 
used for power generation to satisfy the plant’ s needs and  excess HP steam was exported.  In each  of the controlled 
cases  all produced steam was used for power generation, CO2 compression and solvent regeneration .  To ensure an 
even comparison, an operating cost credit was issued to the Reference case for natural gas that would have been 
combusted  to provide the same export steam from a separate boiler. Additionally, a CO2 credit was issued to the 
Reference case for the CO 2 produced though combustion of the same.   
3. Description  of cases 
3.1.  Reference case 
This case represents the current preferred hydrogen production design . It pair ed a steam reformer with a PSA to 
produce 99.9+% purity  hydrogen.  As the current state-of-the-art, this design  serve d as the Reference or uncontrolled 
case to wh ich all of  the alternative d esigns were compared. This plant was designed with two parallel hydrogen 
production trains to operate at 3830 kcal/Nm3 H2 LHV (feed and fuel , before credits ) with no CO 2 capture in place.  
Plant power requirements were met by a steam turbine using HP steam produced from the reformer; all excess HP 
steam was exported and credits assessed as described in section 2.4.  
 
 
 
3.2.  Base case 
In thi s case the Reference hydrogen plant was retrofitted with an Econamine FG Plus SM plant designed to capture 
85% of the CO2 from the reformer flue gas. Post -combustion amine scrubbing was chosen as this process is 
considered the benchmark CO 2 capture technology. However, b ecause of the high heat of reaction of CO 2 and 
amine, this plant required a large amount of steam to regenerate the solvent which penalized the CO2 avoided 
percentage. In this Base case, all of the steam generated by the hydrogen plant was used to compress CO2 for export 
and to provide power for the hydrogen plant . Additional steam was generated by an auxiliary boiler  to satisfy 
solvent regeneration energy needs, thereby increasing the plant’s CO 2 emissions . T his additional gas consumption 
decreased plant efficiency to 4140 kcal/Nm3 H2 LHV  (feed and fuel).  
 
 
 
 
 
 
Figure 2 Reference case - Modern day PSA -based hydrogen plant . 
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3.3.  SMR with aMDEA  (Case 2a)  
This design was reminiscent of the early SMR plants in which  CO2 removal is accomplished by wet scrubbing. It 
was appealing because concentrated CO2 was a byproduct of hydrogen purification with the activated 
methyldiethanol amine (aMDEA) process . Hydrogen purity in this case was lower than the PSA -based plants due to 
technical limitations of the absorption system.  In this design, 99.5+% of CO2 from the reactor effluent  was captured  
while the reformer furnace emissions we re left unabated . All of the steam produced by the hydrogen plant was used 
to compress CO 2 and to provide power for the hydrogen plant. The aMDEA solvent was regenerated from process 
heat. The plant  was designed with two parallel trains to operate at 3940 kcal/Nm3 H 2 LHV (feed and fuel , before 
methane credits).  
 
 
 
Figure 3 Base case – SMR with PSA purification and post-combustion CO 2 capture. 
Figure 4 Case 2a – SMR with aMDEA wet scrubbing.  
I. Lindsay et al. / Energy Procedia 1 (2009) 4095–4102 4099
 Ian Lindsay / Energy  Procedia  00 (2008 ) 000–000  
3.4.  SMR with aMDEA and Econamine FG Plus SM (Case 2b)  
While the design philosophy specified a single  point of CO2 captur e, this sensitivity case sought to quantify the 
impact of capturing the maximum technically feasible  CO 2. This was accomplished by adding the Econamine FG 
PlusSM System to the reformer furnace stacks of the plant described in section 3.3. An auxiliary boil er was added to 
generate the additional steam required to regenerate the post -combustion amine solvent. This plant was designed to 
operate at 4210 kcal/Nm3 H2 LHV (feed and fuel, before methane credits ). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.5.  ATR with aMDEA (Case 3)  
Oxygen-blown autothermal reformers (ATR) have been commonly used for the production of syngas from 
natural gas , but they have yet to be deployed for commercial hydrogen production. One reason for this is that the 
additional cost of supplying oxygen to the system is prohibitive at hydrogen production rates typically sought by 
refiners; at these lower production rates, SMRs are thought to be more economical. In a carbon constrained world,  
the ATR offers a distinct advantage over the SMR in that all of the hydrogen plant  CO2 is available for capture at a 
high partial  pressure. This technology was chosen as an option to evaluate the tradeoff between additional capital 
and op erating costs for an air separation unit (ASU)  and potentially lower CO2 capture costs. This single train plant  
was designed to operate at 4060 kcal/Nm3 (feed and fuel, before methane credits).  
 
 
 
Figure 5 Case 2b – SMR with aMDEA wet scrubbing and Econamine FG Plus SM. 
Figure 6 Case 3 – ATR with aMDEA wet scrubbing.  
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4. Results 
Within the constraints set in the design philosophy, Case 3 achieved the largest reduction in CO 2 emissions  
relative to the Reference C ase. Despite t he increased cost and CO 2 from the air separation unit , which required 
installation of a dedicated gas turbine, Case 3 was able to achieve a larger reduction in emissions at less than half the 
avoided cost of the benchmark Base Case. It has become evident that the pressure at which the CO 2 is captured has a 
significant effect on the capital and operating cost of the capture equipment. While both captured CO2 from a single 
point, Case 3 captured CO2 from the ATR Low Temperature ( LT ) shift reactor at 23 bar(a ) and the Base Case 
removed CO2 from the r eformer furnace stack at 1.0 bar(a). It should be noted that, in this study, the SMR cases 
were based on using two trains of reformers for producing the 8330 kgmols/hr of hydrogen.  If, however, a different 
study basis had been selected where only one SMR train was used, then the advantage of the ATR option would be 
reduced. 
 
The maximum reduction in CO 2 was achieved from Case 2b with a reduction of 91%  compared the Reference 
case . This was accomplished by implementing two points of capture  and realized a 32% reduction in avoided cost 
compared to the Base Case.  
 
The increase in capital and operating cost is substantial for any CO2 capture-ready hydrogen plant  when 
compared to an uncontrolled plant . Case 2a exhibited the most modest increase in i nvestment, yielding an avoided 
cost 65% lower than the Base Case while reducing emissions 59% below the Reference Case. While this did not 
meet the preferred 70% reduction  target, it did create real reductions with a higher hydrogen production efficiency 
than the Base Case.  
 
It was noted that the least costly reductions came from plants producing low purity hydrogen.  W hile the 
evaluation of the effects of hydrogen purity were outside the scope o f this study, real-life project s should study these 
and weigh the cost of CO2 redu ctions against the impact of hydrogen purity at the facility.  Some of these effects 
include hydroprocessing catalyst life,  product yields and power consumption.  A full comparison of the plants is 
shown in Table 1.  
Table 1 Comparison of climate friendly hydrogen plants. 
 *Equivalent Annual Cost method, 10% discount rate, 20 year project life  
Case ID   Reference Case  Base Case  Case 2a  Case 2b  Case 3  
Technology   SMR/PSA SMR/PSA + 
Econamine  
SMR/ MDEA SMR/MDEA + 
Econamine  
ATR/MDEA 
Hydrogen production  kmol H 2/hr 8,330 8,330 8,330 8,330 8,330 
Hydrogen  purity  vol %  99% 99% 95% 95% 95% 
Natural gas feed and fuel 
without credits  
kcal/Nm3 H2 LHV 3830 4140 3940 4210 4060 
Natural gas feed and fuel  
with credits  
kcal/Nm3 H2 LHV 3380 4140 3520 3790 3660 
CO 2 Emitted MM metric tonnes/yr  1.20 0.31 0.49 0.11 0.23 
CO 2 Avoided MM metric tonnes/yr   0.89 0.71 1.09 0.97 
Emissions r eduction  % - 74% 59% 91% 81% 
Capital cost  4Q07 $MM $ 276 $ 513 $ 356 $  527 $ 430 
Operating cost  
(includes credits ) 
$MM/yr  $ 138 $ 173 $ 146 $ 160 $ 153 
CO 2 Avoided cost * $/metric tonne  - $ 71 $  25 $ 48 $ 35 
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5. Conclusions   
This study compared several process designs for the production of hydrogen and simultaneous capture of CO2  
using currently available technology.  The 8,330 kgmol H 2/hr state -of-the-art hydrogen plant with PSA purification 
was found to emit 1.2 million metric tonnes CO2 per year. By applying the benchmark retrofit CO2 capture 
technology (post-combustion CO2 capture using amine-based solvent) emissions can be reduced 7 4% at a cost of 
$71/tonne.  Several options have emerged as alternatives to the Base case. For example, oxygen-blown ATR 
equipped with wet-scrubbing  CO2 removal was able to reduce emissions by 81% compared to the Reference case at 
a cost of $35 /tonne of CO 2.  
 
While the widespread commercial use of CCS as a GHG reduction technology is not likely in the immediate 
future, this study shows that with careful planning, alternatives to the currently offered hydrogen production 
solutions can successfully achieve CO2 capture at half the cost of benchmark technology. The costs generated in this 
study were for CO 2 capture only. Cost of transportation, sequestration, monitoring and verification of CO2 would be 
additive and highly site-speci fic. Recommendations for future work include an evaluation of promising emerging 
technologies and their potential to further reduce the cost of CO 2 capture and evaluation of integration issues with 
various facilities.  
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